Abstract: This study presents a verification and an analysis of wind profile data collected during Tropical Storm Erika (2015) by a Doppler Wind Lidar (DWL) instrument aboard a P3 Hurricane Hunter aircraft of the National Oceanic and Atmospheric Administration (NOAA). DWL-measured winds are compared to those from nearly collocated GPS dropsondes, and show good agreement in terms of both the wind magnitude and asymmetric distribution of the wind field. A comparison of the DWL-measured wind speeds versus dropsonde-measured wind speeds yields a reasonably good correlation (r 2 = 0.95), with a root mean square error (RMSE) of 1.58 m s −1 and a bias of −0.023 m s −1 . Our analysis shows that the DWL complements the existing P3 Doppler radar, in that it collects wind data in rain-free and low-rain regions where Doppler radar is limited for wind observations. The DWL observations also complement dropsonde measurements by significantly enlarging the sampling size and spatial coverage of the boundary layer winds. An analysis of the DWL wind data shows that the boundary layer of Erika was much deeper than that of a typical hurricane-strength storm. Streamline and vorticity analyses based on DWL wind observations explain why Erika maintained intensity in a sheared environment. This study suggests that DWL wind data are valuable for real-time intensity forecasts, basic understanding of the boundary layer structure and dynamics, and offshore wind energy applications under tropical cyclone conditions.
Introduction
Although substantial progress has been made in the accuracy of tropical cyclone (TC) track forecasts, progress to improve intensity forecasts has lagged, especially for TCs undergoing rapid intensity (RI) change [1] . The difficulty in forecasting intensity change is due mainly to the complicated nature of TC intensification, which has been neither well understood nor correctly represented in forecast models. The atmospheric boundary layer that connects the ocean with the upper level TC vortex is a critical region for intensity change, because it governs both the energy distribution and dynamics required for TC intensification [2] [3] [4] . Numerical studies have also emphasized the critical role of the boundary layer parameterization in simulations of TC intensity and structure [5] [6] [7] [8] [9] . However, the TC boundary layer has been the least observed part of a storm until now.
The routine collection of kinematic and thermodynamic observations in the TC boundary layer remains limited [10] . Currently, boundary-layer observations are scarce, due to the danger involved
Material and Methods
The DWL aboard the National Oceanic and Atmospheric Administration (NOAA) P3 aircraft is a coherent system (1.6-micron wavelength) that depends on atmospheric aerosols for its return signal, such that vertical coverage varies from one storm to the next [25] . In general, however, the convection and high winds associated with TCs provide ample aerosols and thus profiles from the flight level (usually 3 km) down to the ocean surface. The three main components of the DWL are the transceiver, scanner, and data processing system. Table 1 summarizes general information about the DWL. The latest version of the coherent Doppler transceiver developed by Lockheed Martin Coherent Technologies was used aboard the NOAA P3 aircraft. The scanner shown in Figure 1 is a bi-axial scanner that has a scanning range of 30 degrees in azimuth and 120 degrees in elevation. The scanner can be programmed to change scanning modes during a flight. The standard scanning mode employs 12 step-stares at 20 degrees off nadir, with a 1-s duration at each stare and a 1-s transition between stares, followed by a 5-s dwell at nadir. During the mission into TS Erika, however, the scanner was set to scan forward at 30 degrees off nadir and ±30 degrees azimuth.
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The latest version of the coherent Doppler transceiver developed by Lockheed Martin Coherent Technologies was used aboard the NOAA P3 aircraft. The scanner shown in Figure 1 is a bi-axial scanner that has a scanning range of 30 degrees in azimuth and 120 degrees in elevation. The scanner can be programmed to change scanning modes during a flight. The standard scanning mode employs 12 step-stares at 20 degrees off nadir, with a 1-s duration at each stare and a 1-s transition between stares, followed by a 5-s dwell at nadir. During the mission into TS Erika, however, the scanner was set to scan forward at 30 degrees off nadir and ±30 degrees azimuth. The DWL was operated at 166 Hz, such that each 1-s line of sight (LOS) integrated product contained 166 laser shots. The shot pulses were approximately Gaussian in shape with a full width half maximum of about 90 m and a diameter of about 10 cm. During the Erika mission, the DWL operated within a range of 4000 m. A "sliding range gate" approach was used in generating a 50 m vertical resolution wind profile based on 100 m basic range gates. The closest usable signals were about 300 m below or above the aircraft. The aircraft's position, speed, and attitude (pitch, roll, and yaw) were obtained from the DWL's dedicated Global Positioning System (GPS) and Inertial Navigation System (INS). The LOS winds were navigated in space and converted into vertical profiles of the full three-dimensional (3D) mean wind vectors. At nominal P3 cruising speeds (~100 m s −1 ), the wind profiles are representative of the mean flow over approximately 3 km. The data processing system, along with other instruments that help cool the system, is shown in Figure 2 .
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Results
We first compared GPS dropsonde data to DWL wind profiles. Of note, dropsondes provide an inherently different measure of the wind from that of DWL. Dropsondes usually follow a drifting trajectory, and take approximately 2-3 min to reach the ocean surface. Depending on the relative direction of the flight path and mean wind, dropsondes generally sample a very different part of the mean flow. In a strongly sheared and turbulent boundary layer, such as is found in tropical cyclones, 
We first compared GPS dropsonde data to DWL wind profiles. Of note, dropsondes provide an inherently different measure of the wind from that of DWL. Dropsondes usually follow a drifting trajectory, and take approximately 2-3 min to reach the ocean surface. Depending on the relative direction of the flight path and mean wind, dropsondes generally sample a very different part of the mean flow. In a strongly sheared and turbulent boundary layer, such as is found in tropical cyclones, dropsonde profiles are best considered to be single realizations of the wind. Furthermore, since dropsondes follow a slanted path in conditions of both strong horizontal and vertical shear, the near-surface portion of the dropsonde profile may not be representative of what the near-surface profile would be below the portion of the profile that was sampled higher in the atmosphere. In contrast, the DWL is closer to the mean wind measurement within a volume of the atmosphere. Figure 6 shows vertical wind profiles from the DWL measurements that are collocated with the dropsondes at each dropsonde location shown in Figure 5b . The wind comparison in Figure 6 is displayed in a storm-relative sense, in that the eye sounding is placed at the center of the figure. It is evident from Figure 6 that in the storm center, the wind speed is weak (<5 m/s); this wind feature is captured by both the DWL and dropsonde instruments. Furthermore, both the DWL and dropsonde observations show that the surface wind speed is strongest in the right-front quadrant, on the order of 20 m s −1 . The DWL data also captured a similar asymmetric distribution (front versus back, and left versus right) of the wind field that was observed by the dropsondes. The difference between the dropsonde and DWL wind speed measurements near the surface (<100 m altitude) is mainly due to the dropsonde drift effect mentioned above.
Remote Sens. 2018, 10, x FOR PEER REVIEW 7 of 15 dropsonde profiles are best considered to be single realizations of the wind. Furthermore, since dropsondes follow a slanted path in conditions of both strong horizontal and vertical shear, the nearsurface portion of the dropsonde profile may not be representative of what the near-surface profile would be below the portion of the profile that was sampled higher in the atmosphere. In contrast, the DWL is closer to the mean wind measurement within a volume of the atmosphere. Figure 6 shows vertical wind profiles from the DWL measurements that are collocated with the dropsondes at each dropsonde location shown in Figure 5b . The wind comparison in Figure 6 is displayed in a storm-relative sense, in that the eye sounding is placed at the center of the figure. It is evident from Figure 6 that in the storm center, the wind speed is weak (<5 m/s); this wind feature is captured by both the DWL and dropsonde instruments. Furthermore, both the DWL and dropsonde observations show that the surface wind speed is strongest in the right-front quadrant, on the order of 20 m s −1 . The DWL data also captured a similar asymmetric distribution (front versus back, and left versus right) of the wind field that was observed by the dropsondes. The difference between the dropsonde and DWL wind speed measurements near the surface (<100 m altitude) is mainly due to the dropsonde drift effect mentioned above. A comparison of wind speeds measured by the DWL within a 10-km distance from the dropsonde data and within a 2-min time interval of the two types of observations shows good A comparison of wind speeds measured by the DWL within a 10-km distance from the dropsonde data and within a 2-min time interval of the two types of observations shows good agreement (Figure 7) . There is also a reasonably good correlation (r 2 = 0.95) with the root mean square error (RMSE) of 1.58 m s −1 compared to the dropsonde data. The bias of the DWL-measured winds appears to be small (−0.023 m s −1 ). This result is consistent with previous verifications of the DWL-measured wind speeds with dropsonde data [20, 27] . Other studies [28] [29] [30] [31] have shown comparisons of DWL data to dropsonde data that are in better agreement than with our study (i.e., smaller RMSE). This is most likely due to the fact that TCs have a highly variable wind field, and the different measurement volumes had different wind speeds in the comparison. Of note, the RMSE of the DWL-measured wind speed is much smaller (~4 m s −1 ) than that of the wind speed measured by the Stepped Frequency Microwave Radiometer (SFMR), both compared to dropsonde data [32, 33] . Given that the SFMR wind measurements have been routinely used for real-time TC intensity forecasts, the DWL wind data have great potential to assist forecasters with intensity estimates. agreement ( Figure 7 ). There is also a reasonably good correlation (r 2 = 0.95) with the root mean square error (RMSE) of 1.58 m s −1 compared to the dropsonde data. The bias of the DWL-measured winds appears to be small (−0.023 m s −1 ). This result is consistent with previous verifications of the DWLmeasured wind speeds with dropsonde data [20, 27] . Other studies [28] [29] [30] [31] have shown comparisons of DWL data to dropsonde data that are in better agreement than with our study (i.e., smaller RMSE). This is most likely due to the fact that TCs have a highly variable wind field, and the different measurement volumes had different wind speeds in the comparison. Of note, the RMSE of the DWLmeasured wind speed is much smaller (~4 m s −1 ) than that of the wind speed measured by the Stepped Frequency Microwave Radiometer (SFMR), both compared to dropsonde data [32, 33] . Given that the SFMR wind measurements have been routinely used for real-time TC intensity forecasts, the DWL wind data have great potential to assist forecasters with intensity estimates. To further evaluate the usefulness of the DWL wind observations in TCs, we conducted a twodimensional (2D) analysis of wind speeds measured by the DWL, at 500 m and 1 km altitudes, and compared these observations to Tail Doppler radar observations at the same altitudes ( Figure 8 ). As mentioned earlier, Doppler radar has been used to routinely measure 3D wind velocities during NOAA P3 missions before the DWL was installed on the P3. We used a piece-wise cubic spline method for the 2D wind analysis, following Zhang et al. [34] . This method preserves original data (i.e., along the flight track) and only interpolates data at locations where no observations are available.
It is evident from Figure 8 that wind speeds measured by the DWL at the two altitudes of interest, i.e., 500 m and 1 km, generally agreed with those measured by the Doppler radar in terms of wind asymmetry. For instance, the Doppler radar measured the strongest and weakest wind speeds on the northeast and southwest sides of the storm, respectively, which were captured by the DWL wind observations. Since Doppler radar can only measure wind speed when there is precipitation, To further evaluate the usefulness of the DWL wind observations in TCs, we conducted a two-dimensional (2D) analysis of wind speeds measured by the DWL, at 500 m and 1 km altitudes, and compared these observations to Tail Doppler radar observations at the same altitudes ( Figure 8 ). As mentioned earlier, Doppler radar has been used to routinely measure 3D wind velocities during NOAA P3 missions before the DWL was installed on the P3. We used a piece-wise cubic spline method for the 2D wind analysis, following Zhang et al. [34] . This method preserves original data (i.e., along the flight track) and only interpolates data at locations where no observations are available.
It is evident from Figure 8 that wind speeds measured by the DWL at the two altitudes of interest, i.e., 500 m and 1 km, generally agreed with those measured by the Doppler radar in terms of wind asymmetry. For instance, the Doppler radar measured the strongest and weakest wind speeds on the northeast and southwest sides of the storm, respectively, which were captured by the DWL wind observations. Since Doppler radar can only measure wind speed when there is precipitation, winds in almost the entire northwest quadrant were not measured well, due to there being little precipitation in this region. The strong winds (~20 m/s) to the left of the storm at~100 m radius were measured by the DWL, but these winds were not observed by Doppler radar (c.f., Figure 6 ). This result suggests that the DWL wind data had better spatial coverage, clouds permitting, than the Tail Doppler radar data at the two altitudes of the Doppler radar observations. Remote Sens. 2018, 10, x FOR PEER REVIEW 9 of 15 winds in almost the entire northwest quadrant were not measured well, due to there being little precipitation in this region. The strong winds (~20 m/s) to the left of the storm at ~100 m radius were measured by the DWL, but these winds were not observed by Doppler radar (c.f., Figure 6 ). This result suggests that the DWL wind data had better spatial coverage, clouds permitting, than the Tail Doppler radar data at the two altitudes of the Doppler radar observations. Furthermore, Doppler radar is limited by its vertical resolution (500 m), and the swath data have no observations below an altitude of 500 m. On the other hand, the DWL measures the wind to 25 m above the sea surface with a vertical resolution of ~50 m [35] . Figure 9 shows the wind speed measured by the DWL at altitudes as low as 25 m (middle of 50 m height gate). This suggests the DWL is capable of measuring the near-surface maximum wind speed, which is close to a tropical cyclone's intensity.
The maximum wind speed measured by the DWL at 25 m in Erika (2015) was 23 m s −1 , which is quite close to the storm's intensity, based on the NHC's best track (c.f., Figure 3b ). These highly accurate DWL wind measurements not only complement dropsonde observations by significantly enlarging the sampling size, but also provide useful information for validating SFMR surface wind observations. Large biases in SFMR wind measurements can be identified and corrected by using the collocated DWL wind profiles. This process can improve NHC forecasts by providing better real-time intensity estimates. Furthermore, Doppler radar is limited by its vertical resolution (500 m), and the swath data have no observations below an altitude of 500 m. On the other hand, the DWL measures the wind to 25 m above the sea surface with a vertical resolution of~50 m [35] . Figure 9 shows the wind speed measured by the DWL at altitudes as low as 25 m (middle of 50 m height gate). This suggests the DWL is capable of measuring the near-surface maximum wind speed, which is close to a tropical cyclone's intensity.
The maximum wind speed measured by the DWL at 25 m in Erika (2015) was 23 m s −1 , which is quite close to the storm's intensity, based on the NHC's best track (c.f., Figure 3b ). These highly accurate DWL wind measurements not only complement dropsonde observations by significantly enlarging the sampling size, but also provide useful information for validating SFMR surface wind observations. Large biases in SFMR wind measurements can be identified and corrected by using the collocated DWL wind profiles. This process can improve NHC forecasts by providing better real-time intensity estimates. 
Discussion
Given the excellent data coverage provided by the DWL wind observations, storm-relative tangential and radial velocities can be studied. Due to a lack of observations, no previous study has shown the detailed inflow layer structure of an individual TC, to the authors' knowledge. Figure 10 shows the boundary layer inflow and outflow structure of Erika at four vertical levels (25 m, 100 m, 500 m, and 1000 m). 
Given the excellent data coverage provided by the DWL wind observations, storm-relative tangential and radial velocities can be studied. Due to a lack of observations, no previous study has shown the detailed inflow layer structure of an individual TC, to the authors' knowledge. Figure 10 shows the boundary layer inflow and outflow structure of Erika at four vertical levels (25 m, 100 m, 500 m, and 1000 m). It is evident that inflow is much stronger on the right side of the storm than on the left side. Note that the strongest inflow is located along the shear direction, as indicated by the black arrow in Figure 10 . The inflow layer being deeper on the downshear side rather than on the upshear side in Erika is consistent with the result of the dropsonde composite analysis given by Zhang et al. [18] .
An analysis of the height of the maximum tangential wind speed also shows that Erika's boundary layer is deeper on the downshear side of the storm (Figure 11 ). Of note, both the inflow layer depth and height of the maximum tangential wind speed are found to decrease toward the storm center, consistent with a previous dropsonde composite [17] . However, the kinematic boundary layer heights on average are much larger than that of a typical hurricane-strength TC, which suggests that the boundary layer structure of a tropical storm is different from that of a hurricane. Forecast models should consider this difference. It is evident that inflow is much stronger on the right side of the storm than on the left side. Note that the strongest inflow is located along the shear direction, as indicated by the black arrow in Figure  10 . The inflow layer being deeper on the downshear side rather than on the upshear side in Erika is consistent with the result of the dropsonde composite analysis given by Zhang et al. [18] .
An analysis of the height of the maximum tangential wind speed also shows that Erika's boundary layer is deeper on the downshear side of the storm (Figure 11 ). Of note, both the inflow layer depth and height of the maximum tangential wind speed are found to decrease toward the storm center, consistent with a previous dropsonde composite [17] . However, the kinematic boundary layer heights on average are much larger than that of a typical hurricane-strength TC, which suggests that the boundary layer structure of a tropical storm is different from that of a hurricane. Forecast models should consider this difference. The streamline pattern based on storm-relative winds is shown in Figure 12 , at the four altitude levels in Figure 10 , along with the relative vorticity shown in shading. The closed circulation and large vorticity near the storm center suggest that Erika was able to maintain tropical storm strength despite strong wind shear, likely due to vorticity development in the boundary layer. It is evident from Figure 12 that absolute vorticity is maximized in the storm center, with a broad region of relatively large values of vorticity (>4 × 10 −4 s −1 ) located in the downshear side of the storm in the boundary layer. Interestingly, the circulation center of the vortex of Erika varies with height, showing a weak tilt of the vortex in the upper levels (>750 m) toward the downshear direction, and implying a vortex tilt signature even in the boundary layer. This type of structure can only be detected by highresolution wind measurements from an instrument like the DWL.
Of note, there is no distinct eyewall in a tropical storm like Erika, so the radius of the maximum wind speed is not well defined. The maximum azimuthally-averaged tangential wind speed is found to be located at a radius of ~100 km, which is nearly twice the size of a typical hurricane. Streamline analysis shows that the circulation of the vortex near the surface is closed. The vortex center is slightly tilted to the shear direction in the boundary layer. Despite this vortex tilt feature, the largest vorticity is located in the storm center, suggesting the development of circulation occurs within the boundary layer. This is consistent with the hypothesis of a progressive boundary layer control of the spin-up process, as suggested by previous theoretical studies [3, 36] . The streamline pattern based on storm-relative winds is shown in Figure 12 , at the four altitude levels in Figure 10 , along with the relative vorticity shown in shading. The closed circulation and large vorticity near the storm center suggest that Erika was able to maintain tropical storm strength despite strong wind shear, likely due to vorticity development in the boundary layer. It is evident from Figure 12 that absolute vorticity is maximized in the storm center, with a broad region of relatively large values of vorticity (>4 × 10 −4 s −1 ) located in the downshear side of the storm in the boundary layer. Interestingly, the circulation center of the vortex of Erika varies with height, showing a weak tilt of the vortex in the upper levels (>750 m) toward the downshear direction, and implying a vortex tilt signature even in the boundary layer. This type of structure can only be detected by high-resolution wind measurements from an instrument like the DWL.
Of note, there is no distinct eyewall in a tropical storm like Erika, so the radius of the maximum wind speed is not well defined. The maximum azimuthally-averaged tangential wind speed is found to be located at a radius of~100 km, which is nearly twice the size of a typical hurricane. Streamline analysis shows that the circulation of the vortex near the surface is closed. The vortex center is slightly tilted to the shear direction in the boundary layer. Despite this vortex tilt feature, the largest vorticity is located in the storm center, suggesting the development of circulation occurs within the boundary layer. This is consistent with the hypothesis of a progressive boundary layer control of the spin-up process, as suggested by previous theoretical studies [3, 36] . 
Conclusions
This study presents an analysis of wind profile data collected by the DWL onboard NOAA's P3 aircraft in TS Erika (2015). The DWL observations complement the existing P3 Doppler radar observations, in that the DWL collects wind data in rain-free and low-rain regions where Doppler radar is limited by its inability to capture the backscatter. In addition, the DWL wind data have a much higher vertical resolution (50 m) than the Doppler radar wind data (500 m). The DWL observations also complement the dropsonde measurements by significantly enlarging the sampling size of the wind profiles. Observations of wind speeds down to ~25 m can provide valuable intensity information in real time to NHC forecasters when a NOAA P3 Hurricane Hunter mission is flown with a DWL onboard.
Our analysis shows good agreement when DWL-measured wind profiles are compared to those from collocated dropsondes (i.e., high correlation, small bias, and relatively small RMSE). A comparison of DWL-measured wind speeds at the same altitudes as the Doppler radar observations also show good agreement in regions where there are extensive Doppler data (i.e., rain regions) in terms of wind asymmetry. To the authors' knowledge, the DWL data collected in TS Erika provide the best data coverage of the boundary layer of any given tropical cyclone. The DWL data presented in this study will be invaluable for evaluating the boundary layer structure and physics in TC forecast models.
The kinematic boundary layer height as depicted by both the inflow layer depth and height of the maximum tangential wind speed is found to decrease with decreasing distance from the storm center, consistent with the structure of a typical hurricane. However, the boundary layer in TS Erika is much deeper than in a hurricane based on climatology. The shear-relative analysis of the DWL data shows that the strength of the inflow is larger in the downshear-side quadrants than in the upshearside quadrants, again mimicking the structure of a hurricane. On the other hand, the extent of the 
This study presents an analysis of wind profile data collected by the DWL onboard NOAA's P3 aircraft in TS Erika (2015). The DWL observations complement the existing P3 Doppler radar observations, in that the DWL collects wind data in rain-free and low-rain regions where Doppler radar is limited by its inability to capture the backscatter. In addition, the DWL wind data have a much higher vertical resolution (50 m) than the Doppler radar wind data (500 m). The DWL observations also complement the dropsonde measurements by significantly enlarging the sampling size of the wind profiles. Observations of wind speeds down to~25 m can provide valuable intensity information in real time to NHC forecasters when a NOAA P3 Hurricane Hunter mission is flown with a DWL onboard.
The kinematic boundary layer height as depicted by both the inflow layer depth and height of the maximum tangential wind speed is found to decrease with decreasing distance from the storm center, consistent with the structure of a typical hurricane. However, the boundary layer in TS Erika is much deeper than in a hurricane based on climatology. The shear-relative analysis of the DWL data shows that the strength of the inflow is larger in the downshear-side quadrants than in the upshear-side quadrants, again mimicking the structure of a hurricane. On the other hand, the extent of the asymmetry of both the tangential and radial winds was larger in TS Erika than that observed in the hurricane composites.
Future work will analyze DWL data collected in recent hurricanes, including landfall cases, in order to further explore wind structure in the boundary layer for both science and engineering applications. For instance, DWL wind data can be used to improve our understanding of the boundary layer structure of TCs close to US coastal regions where offshore wind energy development has been conducted under the guidelines of the Department of Energy. Wind turbines built offshore for power generation are usually affected by tropical cyclone winds, especially strong wind gusts [37] . However, the impact of tropical cyclone winds on the structural integrity of turbines is poorly understood, due to a lack of observations at typical turbine heights (<200 m above sea level). Dropsondes provide single slant profiles of wind observations that are inadequate for high temporal or spatial analysis across the rotor layer at the turbine height. Offshore tower and buoy observations usually only collect wind data near the ocean surface with a measurement altitude of <50 m. Airborne DWL provides a unique tool for 3D wind observations around offshore wind turbines, which can be used in future investigations to explore the impact of tropical cyclones on turbine loads. 
